Binocular rivalry was studied using plaids which were the sum of orthogonal diagonal gratings plus identical vertical gratings in the two eyes. The rivalry alternations sped up as the spatial frequency difference between the vertical and diagonal gratings was increased above about one octave, but slowed down for smaller differences. The interaction between depth and rivalry was studied using similar plaids but with depth introduced in the vertical components. Depth and rivalry coexisted when the spatial frequency difference between the vertical and diagonal gratings was greater than about one octave, but rivalry slowed down and depth perception was reduced for smaller differences. Plaids consisting of square wave gratings were used to compare: (1) added gratings; (2) vertical gratings superimposed on (i.e. occluding) diagonal gratings; (3) diagonal gratings superimposed on vertical gratings. Rivalry alternations were fastest in condition (3), indicating that grouping effects played a role. The final experiment indicated that depth and rivalry coexisted within a spatial frequency band if the orientation difference between the vertical and diagonal components was 60-70°. These results place constraints on models of stereopsis and rivalry, indicating that depth and rivalry can coexist in different spatial frequency and orientation bands but that each interferes with the other in the same band.
Introduction
found that a number of distinct spatial frequency tuned channels are involved in stereopsis, as shown by the effects of masking noise on the perception of stereoscopic depth in spatially filtered random dot stereograms. These spatially tuned channels operate independently, in that one set of channels can be engaged in binocular rivalry while other channels simultaneously support stereopsis. Observers were apparently able to see fusion in the presence of rivalry owing to the masking noise, if the components were in different spatial frequency bands. However, the addition of the masking noise within a spatial frequency band resulted in rivalry but no depth. Blake, Yang, and Wilson (1991) carried out follow-up investigations using similar filtered stereograms, which confirmed that the effect of the masking noise depended upon contrast. At low noise contrasts, observers perceived depth but no rivalry. At intermediate noise contrasts, local regions were seen either in rivalry or in depth. At high noise contrasts, observers perceived rivalry but no depth.
The ability to perceive stereoscopic depth in the presence of binocular rivalry has been a longstanding controversial issue which underlies the connection between these two domains (Blake, Westendorf, & Overton, 1980; Ogle & Wakefield, 1967; Treisman, 1962) . Some other studies apart from Julesz and Miller (1975) have reported that observers perceive stereopsis even when the pair of stereo half-images are superimposed on dissimilar monocular images undergoing rivalry (Blake et al., 1980; Mayhew & Frisby, 1976; Ogle & Wakefield, 1967; Treisman, 1962) . Other studies reported the opposite case: namely, stereopsis is disrupted or delayed by the presence of rivalry (Hochberg, 1964; Julesz & Tyler, 1976 where the two eyes contained matching features (Blake & Boothroyd, 1985; O'Shea, 1987) . An example of an image in which both rivalry and stereopsis are perceived is the Kaufman stereogram. In this stereogram, the left image is constructed from 45°oblique dark parallel lines bounded by an imaginary square that is surrounded by 135°oblique lighter parallel lines. The right image is constructed from 135°oblique dark parallel lines bounded by an imaginary square whose position in the image is shifted relative to the square in the left image. This imaginary square is surrounded by 45°oblique lighter parallel lines. When these images are viewed stereoscopically, a single fused square is seen in depth relative to a background, and rivalry due to the oblique dark lines is superimposed on the percept of a square in depth (Kaufman, 1974) . However, the sensation of depth is poor and does not reflect the sign or magnitude of the disparity.
In an attempt to reconcile some of these discrepant results, Harrad, McKee, Blake, and Yang (1994) measured stereoscopic thresholds under conditions where one stereo half-image was presented to one eye and a rival target was presented to the other eye. When the stereo half-image was suppressed in rivalry, the other stereo half-image was briefly superimposed on the other eye's dominant rival target. Harrad et al. (1994) found that stereopsis was in fact impaired for the first 150 ms, but was unimpaired at longer durations. Thus stereopsis takes precedence over rivalry, after losing in the initial early stage to the effects of rivalry.
These observations regarding the coexistence of stereopsis and rivalry have implications for models of binocular vision (Blake, 1989; Hayashi, Maeda, Shimojo, & Tachi, 2004; Julesz & Tyler, 1976; Mayhew & Frisby, 1981; Wolfe, 1986) . The failure to find evidence for rivalry under many conditions where there were matching features in the two eyes has lead investigators to argue that binocular fusion takes precedence over rivalry (Blake, 1989 (Blake, , 2001 Blake & Boothroyd, 1985; Blake et al., 1991; O'Shea, 1987) . The visual system attempts to binocularly match features in the two eyes. Establishment of binocular matches yields stable binocular vision and fusion. Failure to find matching features leads to rivalry, with reciprocal periods of dominance and suppression of unmatched features (Hayashi et al., 2004) .
The presence of dissimilar monocular features does not inevitably lead to rivalry; for example if the presence of unmatched features is consistent with the interpretation of partial occlusion of one object by another in stereoscopic displays . In these displays, rivalry does not occur if the geometry in the display is consistent with occlusion, but does occur if the geometry is inconsistent with occlusion. These studies implied that the connection between rivalry and stereopsis depends upon higher-level geometric relationships consistent with a particular 3D interpretation (Hayashi et al., 2004) .
The starting point for the present study was the observation that in binocular rivalry with vertical and horizontal gratings, if a matching vertical grating is added to one eye then rivalry is eliminated (Blake & Boothroyd, 1985) . The results of this study indicated that the presence of matching vertical components in the two eyes resulted in fusion, stabilizing the percept. However, it is possible that rivalry did not occur in these images because fusion of the vertical components left no other component to rival with the unmatched horizontal component. This raises the issue that rivalry might occur with the addition of another component to one eye's image. Another issue which was not examined in this study was whether fusion of the vertical components in these images could result in the perception of depth, or whether depth perception was abolished because of the presence of an unmatched component.
In order to address these issues we used plaids which were the sum of orthogonal diagonal gratings plus identical vertical gratings in the two eyes. In these images it is possible for both rivalry between the diagonal components and fusion of the vertical components to occur. As an additional manipulation, we varied the spatial frequency of the vertical and diagonal components. We found that rivalry occurred if the spatial frequency difference between the vertical and diagonal components was greater than about one octave, but was reduced for smaller differences.
Next, we investigated whether the perception of depth was possible in the presence of the unmatched diagonal components, by explicitly introducing depth into the vertical components of the plaids. It was possible to obtain depth and rivalry simultaneously in different spatial frequency bands but not in the same band. The effects of occlusion were investigated by using plaids composed of square wave gratings to compare three conditions: (1) vertical components added to diagonal components; (2) vertical components superimposed on (i.e. occluding) diagonal components; (3) diagonal components superimposed on vertical components. Rivalry was greatest in the third condition, indicating that collinear grouping of the diagonal components played a role. Further investigations varied the orientation of the diagonal components, showing that depth and rivalry coexisted within a spatial frequency band when the orientation of the components differed by 60-70°. The present study provides important data which have implications for models of stereopsis and rivalry.
General methods

Observers
An author (A.B.) and three naïve observers (A.D., Y.M., Y.L.) participated in the study. All had normal or corrected-to-normal acuity and stereoacuity thresholds better than 30 s arc, measured using the Titmus stereo test (Stereo Optical Co., Chicago, IL).
Display
All stimuli were presented on a PowerMac G5 Macintosh computer with 800 · 600 resolution, 120 Hz refresh rate and a LaCie Electron 22blue IV 22 in. video monitor with 8 bit/pixel greyscale, which was gamma-corrected using a colour look-up table. After calibration, the display had a mean luminance of 30 cd/m 2 and peak luminance of 60 cd/m 2 . Stimuli were generated and displayed using VPixx software (VPixx Technologies Inc., Longueill, Canada, www.vpixx.com) . CrystalEyes 3 liquid crystal shutter glasses (StereoGraphics Corporation, REAL D Scientific Corp.) were used. Viewing distance was set to 114 cm using a chin rest, such that 1 pixel subtended 1.46 min arc. The stimuli were viewed under dim room illumination.
The display consisted of the plaid patterns, in a circular patch at the centre of the screen. Two stimulus sizes were used: 2°and 3.5°(diameter). Michelson contrast was 100% (for all stimulus patterns in the present study). The plaid stimulus was surrounded by a black rectangle (5°w idth · 9°height) to aid fixation. The remainder of the screen was at mean luminance.
Stimuli 2.3.1. Plaids patterns
The plaids were the sum of: (1) orthogonal diagonal sinusoidal gratings and (2) identical vertical sinusoidal gratings in the two eyes (Fig. 1) . The spatial frequency of the diagonal components was 2, 4 or 8 cpd. The spatial frequencies for the vertical components were chosen in pilot studies before the start of the main experiment. The spatial frequencies for vertical components were chosen to span the range over which rivalry was perceived to increase in speed, as the ratio of vertical to diagonal component spatial frequencies departed from one (effects shown in Fig. 2 , see Results section 3 below). The ratios in spatial frequency of vertical and diagonal components (vertical/diagonal) ranged from 0.25 to 4, excluding spatial frequencies above 14 cpd. In detail, the following spatial frequencies for the vertical components were used: 2 cpd diagonal: 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 8 cpd; 4 cpd diagonal: 1, 1.5, 2, 3, 3.5, 4, 6, 8, and 9 cpd; 8 cpd diagonal: 2, 3, 4, 5, 5.5, 6, 8, 9, 9.5, 11, 12 , and 14 cpd. Note that in most figures the results with plaids with 8 cpd diagonal components are not shown as they followed the same trends as those with 2 and 4 cpd components.
Dominance duration
The observers initiated the stimulus presentation with a button press. Over 60 s trials, the observers pressed one key when the left grating predominated, or another key when it was not visible. In a second set of trials, the observers pressed one key when they perceived a mixture or superposition of the left and right views, or a second key if either the left or right view predominated. These two different methods were used because it was important to determine the time intervals that a mixture/superposition was perceived or either monocular view predominated. Although three key presses could have been used in a single procedure, this has the disadvantage that it is more difficult for the observer to perform the task, introducing additional error. Observers performed six (60 s) trials per condition (in Experiment 1 as well as in all subsequent experiments).
Experiment 1: Bandwidth for rivalry
In Fig. 2 , the dominance duration is plotted as a function of ratio of spatial frequency of the vertical and diagonal patterns. Results for plaids with 2, 4 or 8 cpd diagonal components are plotted with separate curves. These results are shown for the larger (3.5°) images; the size of the images had no effect on the pattern of results. The dominance durations for simple rivalry with orthogonal gratings are plotted using arrows (labelled 2, 4 and 8 cpd). The mean values were 1.50 s (2 cpd), 0.962 s (4 cpd), and 1.27 s (8 cpd). In the case of the plaid patterns, rivalry was very slow (dominance durations of 28-32 s) at a spatial frequency ratio of one. As the spatial frequency difference was increased or decreased by about one octave, rivalry became much faster. The bandwidths for rivalry at half height are l.36 octaves (2 cpd), 1.21 octaves (4 cpd) and 1.13 octaves (8 cpd). This is consistent with spatial frequency channel bandwidths (de Valois, Albrecht, & Thorell, 1982; Wilson, McFarlane, & Phillips, 1983) . Fig. 2b shows the results from the second set of trials measuring dominance duration, in order to determine the percentage of time that a mixture or superposition of the monocular views was visible. In this and all subsequent figures, the results are the average from the four observers, because their results were very similar. When the spatial frequency ratio was close to one, a superposition or mixture was visible most of the time, whereas as the ratio was increased or decreased from one, a superposition or mixture was visible for a much smaller fraction of the time. Thus in the cases where rivalry was very slow, observers perceived a superposition or mixture and not a single monocular view during most of the dominance interval.
Experiment 2: Interaction between depth and rivalry
Following the measurements of the bandwidth for rivalry, the interaction between depth and rivalry was investigated.
Methods
Similar plaids were used as in Experiment 1, but included a manipulation to introduce depth in the vertical components using three different methods: (1) orientation disparity of ±2°(tilt); (2) spatial frequency difference of ±3% (slant); (3) top-bottom phase offset in vertical grating so that the top and bottom of the image appeared to be in different depth planes. In the third condition the disparities for the phase offset were equal to 0.125 cycles of spatial frequency (e.g. at 2 cpd a total disparity of 3.75 min was used, equivalent to ±1.88 min in the stereo half-images). These disparities were chosen from pilot studies which determined that all four observers could easily perform depth matches with vertical sinusoidal gratings with these values. It was important to use these three different methods for producing depth because the perception of slant or tilt or fronto-parallel surfaces (as in the case of the phase offset) may be supported by different neural mechanisms (Howard & Rogers, 2002) .
In one set of experimental trials the observers adjusted the depth of a sinusoidal grating patch (which will be referred to henceforth as the depth match stimulus) until it matched the apparent depth in the plaid pattern (Fig. 3) . The depth match stimulus had depth produced in the same manner as in the plaid, using either an orientation disparity, or a spatial frequency difference or a topbottom phase offset (as outlined above).
The plaid pattern was displayed in a circular patch (3.5°d iameter) on the left side of the screen while the depth match stimulus was displayed in a circular patch on the right (3.5°diameter), with a central Nonius fixation cross (0.30 · 0.25°). Each circular patch was 2.5°from the screen centre. The stimulus patches were surrounded by a black rectangle (9°width · 5°height) to aid fixation. The remain- der of the screen was at mean luminance. Two stimulus durations for the plaids were used: 180 and 1000 ms. In a second set of trials dominance durations were measured with the same images and stimulus display.
Results
Fig. 4a
shows results for plaids with 2 cpd vertical components. The x-axis represents the ratio of spatial frequency of the vertical and diagonal patterns. The apparent depth and dominance duration have been plotted using the scale on the left and right y-axes, respectively. The results are shown for plaids in which depth was produced using orientation disparity in the vertical gratings, and at the stimulus duration of 180 ms. Rivalry became much faster as the spatial frequency difference between the vertical and diagonal components was increased above about one octave but slowed down for smaller differences. Similarly, the apparent depth increased as the spatial frequency difference between the vertical and diagonal components was increased above about one octave but decreased for smaller differences. Observers reported that in cases with both depth and rivalry the rivalrous pattern appeared to be spatially superimposed or ''painted on'' the vertical pattern which was tilted in depth. Fig. 4b shows similar data for images with 4 cpd vertical components. The trends are similar to those in Fig. 4a .
Thus rivalry became much faster as the spatial frequency difference between the vertical and diagonal components was increased above about one octave but slowed down for smaller differences. The perception of depth increased as the spatial frequency difference was increased above one octave but was reduced for smaller differences. Fig. 5 shows that the results with depth in the plaids produced using the other two methods (phase offset or spatial frequency difference) had the same dependence on spatial frequency. The results are shown only for plaids which had 4 cpd vertical components, since the results at other spatial frequencies showed similar trends.
Figs. 4 and 5 show results at the 180 ms stimulus duration. The results at the stimulus duration of 1000 ms also show the same overall trends indicating that the perception of depth was greatly reduced for small spatial frequency differences between the vertical and diagonal components, but increased at larger differences.
Since the observers failed to perceive depth when the spatial frequency of the vertical and diagonal components matched, the observers were also tested at an additional phase offset (0.25 cycles of spatial frequency) and orientation disparities of ±6°and ±8°. These results were similar to those in Figs. 4 and 5 and thus confirmed that the failure to perceive depth was not due to the specific values of disparity that were chosen.
Experiment 3: Add and occlude conditions
The experiment in this section is designed to determine whether the interaction between depth and rivalry could be affected by occlusion relations in the images.
Methods
Plaids were used which were similar to those in the first experiment but composed of square wave gratings in order to compare three conditions: (1) vertical gratings added to diagonal gratings (add condition); (2) vertical gratings superimposed on diagonal gratings (vertical occlude); (3) diagonal gratings superimposed on vertical gratings (diagonal occlude) (Fig. 6a) . Dominance durations were measured using the same procedure and stimulus display as in Experiment 1, with the exception that only the smaller size (2°diameter) of image was used because in the vertical occlude condition rivalry often involved piecemeal and not global dominance. Observers adjusted the depth of a sinusoidal grating (depth match stimulus) until it matched the apparent depth in the plaid. The plaid pattern was displayed in a circular patch on the left of the screen while the depth match stimulus was displayed in a circular patch on the right. Note that in the stimulus display the left and right circular patches were surrounded by a large black rectangular area, which is not shown. The images are suitable for free fusion. In all three plaid patterns the diagonal components are separated by two octaves in spatial frequency from the vertical components so that both depth and rivalry may be perceived. With crossed fusion, the depth percept is: (a) tilt (top forward); (b) slant (left side forward) and (c) top and bottom half in different depth planes (top in front). The depth percept is similar in the sinusoidal gratings.
Results
gratings are labelled with arrows (mean values: 1.72 s at 2 cpd; 0.741 s at 4 cpd) to serve as a baseline comparison. Overall, the shortest dominance durations occurred in the diagonal occlude condition, followed by the add and vertical occlude conditions in which the dominance durations were longer. The dominance durations for the add condition and vertical occlude condition were very similar, with slightly longer dominance durations for the vertical occlude condition at some spatial frequency ratios. For both these two conditions, rivalry was slowest when diagonal and vertical components had the same or similar spatial frequencies and sped up as the spatial frequency ratio was increased above about 1.5 or decreased below about 0.75. The dominance durations in the add and vertical occlude conditions were compared using non-linear regression analysis, fitting a Gaussian to the curves shown in Fig. 7 :
where, b (intercept), a (amplitude), m (mean) and s (standard deviation) are free parameters. The fitted parameter values for the add condition at 2 cpd were b = 1.90 ± 2.6, m = 1.21 ± 0.059, s = 0.404 ± 0.078, a = 27.9 ± 3.6, where the upper and lower values are the 95% confidence limits. The squared correlation coefficient for the regression was R 2 = 0.891. The values for the vertical occlude condition at 2 cpd were b = 0.700 ± 4.9, m = 1.23 ± 0.10, s = 0.477 ± 0.13, a = 32.6 ± 3.8 (R 2 = 0.756). These two curves differed in terms of amplitude (a), with a larger amplitude for the vertical occlude condition, but did not differ in terms of Results are shown for plaids in which depth was produced using orientation disparity of ±2°in the vertical components (labelled as 'actual tilt' using a horizontal dashed line). The perceived depth increased and dominance durations became shorter as the spatial frequency difference between the vertical and diagonal components was increased above about one octave. The perceived depth decreased and dominance durations became longer for smaller spatial frequency differences. Results are shown for plaids in which depth was introduced using (a) phase offset or (b) spatial frequency difference to produce slant. Results are shown for plaids with 4 cpd vertical components. The x-axis represents the ratio of spatial frequency of the vertical pattern and diagonal pattern. In both panels, the apparent depth (dashed line) and the dominance duration (solid line) are plotted with the scale shown on left and right y-axes, respectively. In (a) the actual disparity (1.88 min) used to produce the phase offset is labelled as 'actual disp' using a horizontal dashed line. In (b), the apparent depth is plotted as percentage spatial frequency difference, with the actual slant (spatial frequency difference of ±3%) labelled using a horizontal dashed line. As in Fig. 4 , the perceived depth increased and dominance durations became shorter as the spatial frequency difference between the vertical and diagonal components was increased above about one octave. The perceived depth decreased and dominance durations became longer for smaller spatial frequency differences.
any of the other parameters. The same analysis carried out at 4 cpd yielded parameter values for the add condition of b = 2.08 ± 1.7, m = 1.14 ± 0.037, s = 0.227 ± 0.044, a = 25.5 ± 3.9 (R 2 = 0.866) and values for the vertical occlude condition of b = 2.11 ± 2.2, m = 1.14 ± 0.05, s = 0.338 ± 0.066, a = 26.16 ± 3.6 (R 2 = 0.878). These two curves differed in terms of standard deviation (s), with a larger standard deviation in the vertical occlude condition, but did not differ in terms of any of the other parameters. The larger standard deviation in the vertical occlude condition meant that rivalry was slower at some of the spatial frequencies. Thus although the dominance durations were similar in these two conditions there was some tendency for rivalry to be somewhat slower in the vertical occlude condition than the add condition.
Rivalry in the diagonal occlude condition was faster compared to either of these two conditions, and unlike these two conditions was relatively constant across spatial frequency. Thus the collinear grouping of the unoccluded diagonal components was an important factor affecting dominance durations.
Experiment 4: The effect of colour on rivalry
The plaids used in this section were the same as those in the first experiment except that the diagonal components were red and green. Rivalry with plaids was greatly reduced in the condition where the spatial frequency of the vertical and diagonal components matched. The purpose of this experiment was to investigate whether the addition of colour enhanced the suppression and increased the rivalry for any spatial frequency combinations. The rest of the procedure and stimulus parameters were the same as in the first experiment (using CIE colour coordinates for red (x = 0.63, y = 0.34) and green (x = 0.28, y = 0.62)).
Results
The dominance durations with the coloured and greyscale plaids are plotted as a function of the ratio of spatial frequency of the vertical and diagonal components in Fig. 8 . Left and right panels show results for plaids with 2 and 4 cpd diagonal components, respectively. Results are shown for the larger stimulus size (3.5°diameter); the results at the smaller size showed the same trends. The dominance durations for simple rivalry with (greyscale) orthogonal gratings are labelled with arrows (mean values: 1.63 s at 2 cpd; 0.958 s at 4 cpd). The largest differences in the dominance durations occurred at the peak of the curves.
The dominance durations for the colour and greyscale plaid patterns were compared using a non-linear regression , and a vertical sinusoidal carrier pattern which was the same in both eyes. In the figure, the first row shows a plaid with 2 cpd components from Experiment 1 which had a 1.53-cpd secondorder component with an orientation of ±67.5°. The second row shows an image from Experiment 5 with a 1.53-cpd contrast modulation with an orientation of ±67.5°, and a 2-cpd vertical sinusoidal carrier. (c) Depth and rivalry coexisted within the same spatial frequency band when the orientation difference between the vertical and diagonal components was 60-70°. Two examples are shown which are suitable for free fusion. The percept of depth (the stimulus appears to be tilted with the top forward with crossed fusion) and rivalry should be apparent. In the first example, the orientations were À4°and 60°(left eye) and 4°and À60°(right eye), with an orientation difference of 60°. In the second example, the orientations were À4°and 70°(left eye); 4°and À70°(right eye), with an orientation difference of 70°. These two curves differed in terms of amplitude (a) with a larger amplitude for greyscale plaids, but did not differ in terms of any of the other parameters. The same analysis carried out at 4 cpd yielded parameter values for the coloured plaids of b = 0.996 ± 2.1, m = 1.28 ± 0.14, s = 0.654 ± 0.19, a = 11.4 ± 2.7 (R 2 = 0.726) and values for the greyscale plaids of b = 0.213 ± 2.7, m = 1.33 ± 0.077, s = 0.648 ± 0.11, a = 25.9 ± 3.5 (R 2 = 0.890). These two curves differed in terms of amplitude (a) with a larger amplitude for greyscale plaids, but did not differ in terms of any of the other parameters.
Thus there was some tendency for the presence of colour to speed up rivalry in the plaid patterns. In the coloured plaids, the slowest rivalry occurred when the spatial frequency ratio ranged from 0.75 to 1.25 (2 cpd) or 1 to 1.5 (4 cpd), and rivalry sped up as the ratio was increased above or decreased below these values. Thus the addition of colour sped up the rivalry but did not affect the underlying dependence of dominance duration on the ratio of spatial frequency of vertical and diagonal components.
Experiment 5: Second-order components in the plaids
The plaids which had vertical and diagonal components at the same spatial frequency had obliquely oriented second-order components which could possibly have contributed to the rivalry. By comparison, in the plaids with vertical and diagonal components at widely separated spatial frequencies the second-order components would not be expected to contribute to the rivalry because these components have higher spatial frequencies. Given that the dominance durations were substantially different in these two cases, it was important to determine whether rivalry of the second-order components could have explained these differences. 
Methods
The plaids containing second-order components which might have contributed to the rivalry are listed in Table  1 , which shows the spatial frequency and orientation for each second-order component. In the experiment in this section, images were used which had contrast modulations with these spatial frequencies and orientations (columns 4 and 5), and a vertical sinusoidal carrier which was the same in both eyes, with the appropriate spatial frequency (column 2) (see Fig. 6b ). A raised cosine contrast modulation was used and the carrier pattern was at 100% Michelson contrast. The rest of the procedure and stimulus parameters were the same as in the first experiment.
Results
There was no significant rivalry with any of the images with the same second-order components as the plaids in the first experiment. This may be expected since in all cases the spatial frequency of the vertical carrier and contrast modulation were similar, and generally second-order rivalry occurs when the spatial frequency of the contrast modulation is much lower than that of the carrier . Thus the presence of second-order components could not explain the dependence of the dominance duration on the ratio of spatial frequency of the vertical and diagonal components.
Experiment 6: Orientation bandwidth for rivalry
The preceding experiments showed that the rivalry alternations were slower in the images with vertical gratings added to the diagonal gratings oriented at ±45°. The purpose of this experiment was to investigate if rivalry occurred at other orientations for the diagonal components, assuming that an important factor affecting rivalry was the difference in orientation between the components. It was hypothesized that rivalry alternations would be faster for larger orientation differences between the components, but would be slower for smaller orientation differences.
Methods
The plaids were the same as those in the first experiment except that the orientation of the diagonal components was varied (±40°, 45°, 50°, . . ., 80°) while the orientation of the vertical components was fixed at 0°. A second and third series of images were created from these by rotating the left and right stereopairs clockwise by 16°and 24°. For example, the first stereopairs had components at 16°(both eyes), 16 + 40 = 56°and 16 À 40 = À24°. In the third series, the first stereopairs had components of 24°(both eyes), 24 + 40 = 64°and 24 À 40 = À16°. Rotating the stereopairs in this way leaves the orientation difference between the components unchanged (40°in these two examples). These latter two series of images were used to provide further evidence that the most important factor affecting rivalry was the difference in orientation between the components. It would still be expected that rivalry alternations would be faster for larger orientation differences between the components, and slower for smaller orientation differences, although these effects could be modulated by the effect of rotation. A spatial frequency of 2 cpd was used for all components. The rest of the procedure and stimulus display were the same as in the first experiment.
A second set of tests was carried out to investigate whether it was possible for depth to occur in the presence of rivalry in these plaid patterns. Depth was introduced into the vertical components of the plaids, using an orientation disparity of ±4°to produce tilt. In one set of experimental trials the observers adjusted the depth of a sinusoidal grating patch (the depth match stimulus) which had depth produced using orientation disparity until it matched the apparent depth in the plaid pattern. The plaid pattern was displayed on the left side of the screen while the depth match stimulus was displayed on the right. Two stimulus durations for the plaids were used: 180 and 1000 ms. In a second set of trials dominance durations were measured with the same images. The rest of the procedure and stimulus display was the same as that used in Experiment 2.
Results
Fig . 9a shows the dominance durations with plaids in which the orientation of the vertical component was fixed while the orientation of the diagonal components was varied. Dominance durations are plotted as a function of the difference in orientation between the vertical and diagonal components. The dominance durations with plaids and the diagonal components alone are compared. The results are shown for the larger stimulus size (3.5°diameter); the results at the smaller size showed the same trends. The dominance duration with the plaids was shortest at orientations of ±60-70°for the diagonal components, and increased dramatically as the orientation was increased or decreased from these values. At these orientations (±60-70°) the addition of the vertical components made very little difference to the dominance durations.
In the images which were created by rotating the stereopairs clockwise by 16°or 24°, the shortest dominance durations still occurred in the images which had orientation differences between the components of 60-70°and increased sharply as the orientation difference departed from these values (Fig. 9b and c) . Thus the most important factor affecting dominance duration was the difference in orientation between the components in the plaids and not the orientation of either component alone.
The presence of depth and rivalry was studied in the plaids with component orientation differences of ±60-70°a nd depth introduced in the vertical components. Fig. 9d shows the apparent depth and dominance duration plotted as a function of the orientation of the diagonal gratings. The apparent depth obtained with the stimulus duration of 1000 ms was slightly larger than that at 180 ms, but both of these values were lower than the actual tilt. The perception of depth was noticeably poorer than that in which depth and rivalry occurred in different spatial frequency bands (as in Fig. 4 ). These plaids were rotated through 180°(in 1°increments) to verify that depth and rivalry coexisted at many different orientations of the components, although the perception of depth and rivalry varied somewhat with the degree of rotation. Fig. 6c shows two examples of plaids exhibiting depth and rivalry, with a component orientation difference of 60°(first example) or 70°(second example). Both depth and rivalry may be perceived with free fusion of these images. Depth is produced using orientation disparity, so that with crossed fusion the top of the image appears to be tilted forward.
It was not possible to obtain depth and rivalry with the plaids with orientation differences between the components of ±35°and ±55°. The left and right stereopairs were systematically rotated clockwise through 180°(in 1°incre-ments) to verify that depth and rivalry did not coexist in any of these images.
Follow-up experiment with filtered noise patterns
The results of the present experiments differed from those of Blake et al. (1991) , who found little evidence for the coexistence of stereopsis and rivalry even when the stimulus components were well separated in spatial frequency. The discrepancies with the present work are likely due to the use of orientationally broadband stimuli (isotropic noise) in these previous studies. If this is the case, then it may be possible to obtain both depth and rivalry in images consisting of the sum of oriented filtered noise components (with vertical and orthogonal diagonal components). The vertical and diagonal components would be filtered in well separated spatial frequency bands. The purpose of the follow-up experiment is to verify that it is in fact possible for rivalry and depth to coexist over a spatial region in a display composed of the sum of oriented filtered vertical and diagonal components.
Methods
Dominance durations were measured as in Experiment 1, using patterns which were the sum of oriented filtered vertical and diagonal components. The vertical components were filtered with a centre spatial frequency of 2 cpd, and the diagonal components had centre spatial frequencies of: 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 8 cpd. The filtered images were created by digitally filtering binary random textures, using a rectangular filter with kaiser windowing (b = 9) (Matlab signal processing toolbox). The processing kernel was a sinc function (similar to an oriented Gabor function). The oriented filter profile passed unattenuated those orientations that were within a 30°orientation bandwidth and those spatial frequencies that were within one octave of the centre spatial frequency, using a constant log bandwidth. The rms contrast in all images was 100%. The rest of the stimulus parameters and procedure was the same as in Experiment 1. The interaction between depth and rivalry was investigated using a similar procedure as in Experiment 2. Depth in the vertical components was produced using a top-bottom phase offset in the vertical component so that the top and bottom of the image appeared to be in different depth planes. The depth matching procedure was similar to that in Experiment 2 (Fig. 3) , as observers adjusted the depth of a stimulus patch with vertical components only (depth match stimulus) until it matched the apparent depth in the pattern which was the sum of vertical and diagonal components. Dominance durations were measured in a separate set of trials. The rest of the stimulus parameters and procedure were the same as in Experiment 2. The follow-up experiment was carried out with observers A.B., Y.L. and Y.M. (the results in Fig. 10 are the mean from these observers). Columns 1-3 list the spatial frequencies for diagonal and vertical components and ratio of vertical to diagonal components. The spatial frequency and orientation of the second-order components in the plaids are listed in columns 4 and 5.
Results
In Fig. 10a , the dominance duration is plotted as a function of ratio of spatial frequency of the vertical and diagonal filtered noise components. Results for patterns with 2-cpd diagonal components are shown. The mean dominance duration for rivalry with orthogonal diagonal components is plotted using an arrow (labelled 2 cpd). As was the case with plaid patterns, rivalry was very slow at a spatial frequency ratio of one. Rivalry was faster if the spatial frequency difference between the vertical and diagonal components was more than about one octave. Fig. 10b shows results of experiments measuring depth and rivalry. The x-axis represents the ratio of spatial frequency of the vertical and diagonal oriented components. The apparent depth and dominance duration have been plotted using the scale on the left and right y-axes, respectively. The results are shown for patterns with 2 cpd vertical components, in which depth was produced using a topbottom phase offset in the vertical components. Rivalry became much faster as the spatial frequency difference between the vertical and diagonal components was increased above about one octave but slowed down for smaller differences. Similarly, the apparent depth increased as the spatial frequency difference between the vertical and diagonal components was increased above about one octave but decreased for smaller differences. Observers reported that in cases with both depth and rivalry the rivalrous pattern appeared to be spatially superimposed on the percept of depth in the vertical pattern. The overall pattern of results was similar to that obtained with plaid patterns. Thus these results confirm that the reason that it was impossible to perceive both depth and rivalry over the same spatial region in previous studies was because of the use of orientationally broadband stimuli.
General discussion
The first experiment showed that depth and rivalry coexisted in different spatial frequency bands, but interfered with each other within a spatial frequency band. These effects could not be explained on the basis of the presence of second-order components in the plaids. The addition of colour to the diagonal components sped up rivalry alternations, which is consistent with previous studies of the effects of orientation and colour on rivalry (Kitterle & Thomas, 1980; Thomas, 1978) . However, the addition of colour did not affect the overall trend in the results. The Depth was produced using an orientation disparity of ±2°in the vertical components (labelled as 'actual tilt' using a horizontal dashed line).
last experiment served to expand upon these results by also defining the orientation bandwidth for rivalry. Within a spatial frequency band, rivalry and depth can coexist with grating components separated by 60-70°, but not with smaller separations. However, even in these cases the perception of depth was poor compared to that observed when the components undergoing rivalry and depth were in separate spatial frequency bands. Blake and Boothroyd (1985) found that in rivalry with vertical and horizontal sinusoidal gratings, if a matching vertical grating is added to the eye with the horizontal component then rivalry is eliminated. However, it was possible that rivalry did not occur following fusion of the vertical components because there were no other components in the image to rival with the unmatched horizontal component. In the present study an additional unmatched component was added to the images to increase the likelihood that rivalry could coexist with fusion. In fact, it was possible for both rivalry and depth to coexist in these images, but only in different spatial frequency or orientation bands. Within a spatial frequency band, there was fusion but the perception of depth was reduced. The results of the present study expand upon those of Blake and Boothroyd (1985) in showing that rivalry alternations slowed down and the perception of depth were greatly reduced.
The failure to perceive depth when the spatial frequency of the vertical and diagonal components matched is unlikely to be due to the presence of flatness cues in the display, because these cues were similar across the spatial frequency combinations (e.g. visibility of screen surface, visibility of stimulus border, lack of motion parallax with observer head motion, sign and magnitude of binocular disparity) (Goldstein, 2001) . The effects of motion parallax can be ruled out because the stimulus duration of 180 ms made it unlikely that the effects of head motion would be noticeable.
Previous studies showed that there are a number of distinct spatial frequency channels involved in stereopsis (Glennerster & Parker, 1997; Julesz & Miller, 1975; Prince, Eagle, & Rogers, 1998; Rohaly & Wilson, 1993; Wilson, Blake, & Halpern, 1991; . Julesz and Miller (1975) found support for the idea that these spatially tuned channels may operate independently, in that one set of channels can be engaged in binocular rivalry while the other channels simultaneously support stereopsis. In comparison to this, Blake et al. (1991) found little evidence for the coexistence of stereopsis and rivalry even when the inducing targets were well separated in spatial frequency. However, it was possible for rivalry and depth to be present simultaneously in different parts of the visual field in a piecemeal fashion. The discrepancies with the present work are due to the use of orientationally broadband stimuli (isotropic noise) in these previous studies, which would be expected to activate cortical neurons at a range of orientations. In the follow-up experiment, we verified that it is in fact possible for rivalry and depth to coexist over a spatial region, in a display using vertical and diagonal oriented filtered noise components. For depth and rivalry to occur over the same spatial region, the vertical and diagonal components must be filtered in well separated spatial frequency bands.
The results of Experiment 6 showed that rivalry and depth can coexist within a spatial frequency band with grating components separated by 60-70°, but not with smaller separations. This is consistent with previous work showing that stereopsis depends upon mechanisms which are orientationally selective and the perception of depth may be disrupted with masking noise within an orientation Data is shown for patterns with 2 cpd diagonal components. The dominance durations for rivalry with orthogonal diagonal components are plotted using a horizontal arrow labelled 2 cpd. Rivalry was slow at a ratio of spatial frequency equal to one, but sped up as the ratio was increased above about two or decreased below about one half. (b) Depth and rivalry in filtered noise patterns which are the sum of diagonal and vertical components. The apparent depth (dashed line) and dominance duration (solid line) are plotted with the scale shown on left and right y-axes, respectively. Results are shown for patterns with 2 cpd vertical components. Depth was introduced using a phase offset in the vertical components. The actual disparity (3.75 min) used to produce the phase offset is labelled as 'Actual disp' using a horizontal dashed line. The perceived depth increased and dominance durations became shorter as the spatial frequency difference between the vertical and diagonal components was increased above about one octave. The perceived depth decreased and dominance durations became longer for smaller spatial frequency differences.
band (Mansfield & Parker, 1993; Phillips & Wilson, 1984) . It was somewhat surprising, however, that the dominance durations were quite long with orientation differences between the grating components of 40°, but dropped sharply between 45°and 50° (Fig. 9 ). This effect can be explained assuming that visual cortical receptive fields have broad orientation tuning (Phillips & Wilson, 1984) . Fig. 11a shows the normalized activity for cortical receptive fields selective for orientations of 0°and 45°, and the sum of these activations. This represents the hypothesized activation in the left or right eye with components at these orientations. The orientation bandwidth (half-amplitude half-bandwidths) is equal to 25°, in accordance with masking data at 2 cpd (Phillips & Wilson, 1984) . Similarly, Fig. 11b shows the normalized activity for receptive fields with orientations of 0°and 60°, and the sum of these activations. Comparing (a) and (b), the sum of the 0°and 60°a ctivations forms a bimodal distribution, while the sum of 0°and 45°activations form a single broad distribution. Thus we might expect that depth and rivalry would coexist at orientation differences between the components of 60°b ecause the population response would be a bimodal distribution, but this would not occur for smaller orientation differences (e.g. 45°). This provides an explanation for the results which indicated that depth and rivalry coexisted in plaids with orientation differences between the components of 60-70°, but not 45°.
Rivalry in the vertical occlude condition was slightly reduced compared to the add condition. The results in the vertical occlude condition can be compared with previous studies which found that rivalry is reduced if rivalrous regions are perceived as occluded. It was shown that unpaired points in occlusive relations are assigned at an appropriate rear depth, whereas unpaired points that do not signify occlusive relations cause rivalrous perception . In the present study the geometry of the display was different in that the gratings were superimposed to indicate occlusion.
Rivalry in the diagonal occlude condition was enhanced relative to the other two conditions (add and vertical occlude), and also showed less dependence on spatial frequency. Rivalry in the vertical occlude condition was reduced and was more likely to involve piecemeal dominance as opposed to global dominance, whereby different parts of the two eyes patterns appeared to be intermixed to produce a patchwork appearance. Collectively these results are consistent with studies of grouping effects with gratings showing that global dominance was more likely if gratings were collinear and in close proximity (Alais & Blake, 1999) . This grouping may occur because lateral connections between cortical neurons and across hypercolumns play a role in signalling the presence of extended object contours (Alais & Blake, 1999) .
The results are consistent with a model which was proposed in order to account for hysteresis effects in transitions between stereopsis and rivalry Wilson, 2006) . The model includes neural units representing fusion and rivalry mechanisms, which could be stimulated by the vertical and diagonal gratings in the present study. Recurrent inhibition between eyes and orientations captures the mutually inhibitory interactions between fusion and rivalry mechanisms. These inhibitory interactions would be expected to occur within a spatial frequency band, but not between widely separated bands . As the spatial frequency difference between the vertical and diagonal components is increased above the bandwidth of the channel, there is a release from the inhibitory interactions and both depth and rivalry become possible. Thus the model can explain why depth perception and rivalry were reduced within a spatial frequency or orientation band but coexisted in different bands. Comparing (a) and (b), the sum of the 0°and 60°activations forms a bimodal distribution, while the sum of 0°and 45°activations form a single broad distribution. This provides an explanation for the results of Experiment 6, which showed that depth and rivalry coexisted in plaids with orientation differences between the components of 60-70°, but not 45°.
To summarize, an interaction between depth and rivalry was studied in plaid patterns. Depth and rivalry can coexist in different spatial frequency and orientation bands but not within the same band, where both rivalry and depth perception suffer. Using square wave gratings the add, vertical occlude and diagonal occlude conditions were compared. Rivalry was highest for the diagonal occlude condition, followed by the add condition and the vertical occlude condition, which was consistent with collinear grouping effects. The differences between the add and vertical occlude conditions could be explained within the context of existing models which incorporate the effects of occlusion geometry on stereopsis (Hayashi et al., 2004) . However, existing models do not explain the reduced depth and rivalry in the plaid patterns with diagonal and vertical components at the same spatial frequency. The mechanism by which unfusable stimulus components interfere with disparity extraction presents a clear challenge for future modelling efforts.
